Introduction
============

Despite tremendous progress in basic research, effective treatments for most types of cancers are still lacking. Therefore, development of novel, effective therapies, specifically the development of anti-cancer vaccine-based therapies designed to specifically prevent cancer represent a promising treatment option.[@R1] Tumor vaccine formulations comprised of tumor antigens seem to be a promising cancer preventive approach,[@R2] however, targeting tumor endothelium with antiangiogenic vaccines has advantages over targeting tumor cells. Tumor endothelium (in comparison with tumor cells) is genetically stable with a low probability of developing acquired resistance to drugs.[@R3] Furthermore, given that the endothelial to tumor cell ratio can vary between 1:50 and 1:100 the number of cells targeted is much smaller.[@R4] Furthermore, destruction of a small number of endothelial cells can lead to vascular obstruction resulting in arrest of tumor growth or its destruction since vascular integrity is essential to growth and metastasis.[@R5]^-^[@R8]

Among the various approaches used to direct immune response against tumor endothelial antigens, active immunization using endothelial cells is most promising compared with immunotherapies targeting specific epitopes since cell-based vaccines can target multiple autologous target cell antigens, most of which have not been isolated or characterized.[@R9] Previously, this approach was shown to inhibit the growth of experimental tumors in mouse models.[@R10]^-^[@R15] However, additional considerations, such as endothelial cell heterogeneity, need to be considered before this approach can be developed.

Endothelial cell heterogeneity has been described at the level of cell morphology, function, gene expression and antigen composition.[@R16]^,^[@R17] Endothelial cell phenotypes vary between different organs, as well as between different tissues of the same organ. In addition to the tissue of origin, the gene expression profile of tumor endothelial cells can be sufficiently influenced by the tumor.[@R18]^-^[@R20] Previous studies have shown that conditioned medium from tumor cells resulted in the change of gene expression by cultured endothelial cells.[@R21]^-^[@R23] Other studies have described differences in gene expression profiles in isolated tumor endothelial cells compared with endothelial cells harvested from matched tissues.[@R24]^,^[@R25] These data showed that endothelial cell heterogeneity should be investigated in the context of the efficient design of endothelial cell-based vaccines. To this end, human microvascular endothelial cell (HMEC) primary cultures were established and tumor type-specific changes induced by culturing HMEC in the presence of tumor-conditioned medium were examined. Changes were studied using mass spectrometry-based approach for cell surface profiling. This approach identified tumor-induced heterogeneity in cell surface antigen expression profiles associated with HMEC escape from cytotoxic T cell-mediated cell death and provides a novel means of selecting cells for the development of a cellular cancer vaccine.

Results
=======

Primary HMEC cultures
---------------------

Anti-CD31 beads were used to isolate HMEC from a thoracic fat biopsy. [Figure 1A and B](#F1){ref-type="fig"} show endothelial cells isolated from fat biopsies obtained from donors 1 and 2, respectively. HMEC presented with morphology typical for adipose-derived microvascular ECs with numerous cytoplasmic extensions and/or a cobblestone-like morphology[@R26] that formed net-like structures when incubated in the presence of tumor-conditioned medium. Immunofluorescent staining ([Fig. 1F and I](#F1){ref-type="fig"}) revealed that an endothelial cell marker CD31 is associated with almost 90% of cells during the first passage following isolation. No overgrowth of contaminating fibroblasts or mesothelial cells was detected, demonstrating that primary HMEC cultures were successfully established. FACS analysis of HMEC cultures confirmed that CD31^+^ comprised 89.6% and 87.4% of cells obtained from the fat of donors 1 and 2, respectively ([Fig. 1C and D](#F1){ref-type="fig"}). Non-specific binding of the primary antibody to negative control cells (fibroblasts) did not exceed 1.5% ([Fig. 1E](#F1){ref-type="fig"}).

![**Figure 1.** Primary HMEC cultures. A representative HMEC from donor 1 (**A**) and donor 2 (**B**). HMEC have numerous cytoplasmic extensions and/or cobblestone-like morphology (arrows) typical for adipose-derived microvascular endothelial cells.[@R26] Flow cytometric analysis of HMEC cultures from donor 1 (**C**) and donor 2 (**D**). Cells were stained with mouse anti-human CD31 antibody (biotinylated horse anti-mouse IgG as secondary antibody and streptavidin-RPE as a fluorescent label). Fluorescently stained cells are labeled as *"CD31^+^*." Baseline florescence was determined using the same cells exposed only to the biotinylated secondary antibody and streptavidin-RPE (labeled as "control"). Immunofluorescent staining of CD31^+^ cells (**F and I**) correspond to donors 1 and 2, respectively. Microscopic images (**G and J**) and DAPI staining of nuclei from cells (**H and K**) depicted in (**F and I**). Images were obtained using a Leiса DM5000B microscope (scale bar \#1, 20 µm; scale bar \#2, 50 µm). Adult skin fibroblasts were used as negative anti-C31-binding control (**E**).](hvi-9-198-g1){#F1}

HMEC surface profiles
---------------------

Mass spectrometry analysis of proteolytically-cleaved cell surface targets, i.e., endothelial cell-associated antigens (EAA), tumor-associated antigens (TAA) and fibroblast-associated antigens (FAA), resulted in the detection of 164 ± 29 (mean ± standard deviation) positively charged (glyco)peptides ions per sample. Representative mass spectra used to generate cell surface profiles are shown in [Figure 2](#F2){ref-type="fig"}.

![**Figure 2.** Mass spectra used to generate cell surface profiles. Representative spectra of EAA of HMEC obtained from donor 1 and donor 2 stimulated using endothelial cell growth supplement (^1^HMEC~ECGS~ and ^2^HMEC~ECGS~), conditioned medium from MCF-7 cells (^1^HMEC~MCF-7~ and ^2^HMEC~MCF-7~), LNCap cells (^1^HMEC~LNCap~ and ^2^HMEC~LNCap~), or HepG2 cells (^1^HMEC~HepG2~ and ^2^HMEC~HepG2~). Superscript numbers correspond to donor 1 or 2, respectively. The mass spectra of fibroblast-associated antigens (FAA) and tumor(MCF-7 cells)-associated antigens (TAA) are also shown.](hvi-9-198-g2){#F2}

Principal component analysis (PCA) plot of cell surface profiles ([Fig. 3A](#F3){ref-type="fig"}) revealed a relationship between HMEC of different donors stimulated to grow in the presence of endothelial cell growth supplement (ECGS) or tumor-conditioned medium (cancer cells were cultured to generate the conditioned medium). The 2-dimensional plot depicted covers 92.5% of variance contained in these profiles and, therefore, accurately reflects the relationship between them. All profiles on a plot related to the HMEC grouped together and were distinct from cancer cell surface profiles that in turn were also unrelated to each other.

![**Figure 3.** Principal component analysis (PCA) of cell surface profiles. PCA of cell surface profiles obtained from HMEC and cancer cells that were projected in the space of the first two principal components (**A**). PCA of cell surface profiles obtained only for HMEC projected into the space of the first 3 principal components (**B**) and the dendrogram depicting the distances measured between points (**C**). "^1^HMEC~ECGS~" and "^2^HMEC~ECGS~" - cell surface profile of HMEC stimulated to grow in the presence of endothelial cell growth supplement; "^1^HMEC~MCF-7~" and "^2^HMEC~MCF-7~" - cell surface profile of HMEC stimulated to grow in the presence of MCF-7 cell conditioned medium; "^1^HMEC~LNCap~" and "^2^HMEC~LNCap~" - cell surface profiles of HMEC stimulated to grow in the presence of LNCap cell conditioned medium; "^1^HMEC~HepG2~" and "^2^HMEC~HepG2~" - cell surface profiles of HMEC stimulated to grow in the presence of HepG2 cell conditioned medium; the "MCF-7" - point corresponds to the cell surface profile obtained from MCF-7 cells; the "HepG2" - point corresponds to the cell surface profile obtained from HepG2 cells.](hvi-9-198-g3){#F3}

PCA analysis of HMEC surface profiles alone demonstrated that they projected into the space of the 3 principal components ([Fig. 3B](#F3){ref-type="fig"}) with the majority of the variability (83.0%) contained in these profiles. Therefore, 3-dimentianal PCA plot accurately reflects the relationship between HMEC profiles and shows that points related to respective HMEC profiles grouped according to the growth stimuli provided. Moreover, points correspondent to HMEC following growth in the presence of conditioned medium from HepG2 or MCF-7 cells were far from points observed following growth in the presence of ECGS. Points resulting from HMEC stimulation with LNCap conditioned medium were close to these points.

Cytotoxicity assays
-------------------

The immunologic properties of respective HMEC were evaluated by loading dendritic cells (DCs) with EAA as a means of activating and stimulating human cytotoxic T lymphocytes (CTLs) against target HMEC. CTLs stimulated with unloaded DCs or FAA-loaded DCs incubated in the presence of HMEC were used as negative controls. On day 3, surviving target HMEC cells were detected using trypan blue exclusion ([Fig. 4](#F4){ref-type="fig"}). A slight increase in cytotoxic activity was observed when CTLs were stimulated with FAA-loaded or allogeneic EAA-loaded DCs. Only DCs loaded with autologous EAA induced effective immune responses measured by high death rates of target HMEC ([Fig. 4](#F4){ref-type="fig"}).

![**Figure 4.** Cytotoxicity of effector CTLs against HMEC. Target HMEC cells (3.7 × 10^4^ cells/well) were incubated in the presence of effector CTLs at a 1:8 ratio. After 3 d, floating CTLs were removed, target cells carefully washed with HBSS, attached HMEC were trypsinized and cell viability determined. Square size reflects viable target cell counts. Data was scaled to bring all controls (target cells incubated without CTLs) to equal values (25,000 cells). Data represent the mean value of 3 independent measurements. The standard deviations for the number of viable cells were in the 1,200--3,400 cell range. P values determined by t-test.](hvi-9-198-g4){#F4}

CTLs stimulated with EAA-loaded DCs from ^1^HMEC~MCF-7~ were most effective against the same ^1^HMEC~MCF-7~ target cells. ^1^HMEC~HepG2~ cells were most efficiently killed by CTLs stimulated with EAA-loaded DCs from ^1^HMEC~MCF-7~ or ^1^HMEC~LNCap~. Target ^1^HMEC~LNCap~ were killed more effectively by CTLs stimulated by EAA-loaded DCs from ^1^HMEC~HepG2~.

To further demonstrate the impact on immune response efficiency elicited by respective target cell surface antigen profiles, the number of viable target cells surviving cytotoxicity assays was plotted against profile correlation values calculated pairwise for target HMEC and HMEC used to generate antigens (EAA) for eliciting immune response in the cytotoxicity assays. As shown on [Figure 5](#F5){ref-type="fig"}, some points on this plot can be linearly approximated with R^2^ ≥ 0.99. Moreover, all points on the plot were located at the intersection of respective lines intersected.

![**Figure 5.** Cytotoxicity of effector CTLs against target HMEC plotted vs. correlation of cell surface profiles (**A**) and plotted coefficients of linear equations that describe the dependence of cytotoxicity from the correlation of cell surface profiles (**B**). (**A**) Autologous EC antigens were used to induce CTLs. The average number of viable target cells in 3 wells is presented. Accuracy of liner approximation (*R^2^*) was achieved using coordinates of 3 respective points. Equations for linear approximations are shown on the plot. Correlation values (coefficient *r*) were calculated for HMEC surface profiles used to generate antigens (EAA) for eliciting immune response and the surface profile of target HMEC used in same cytotoxicity assay. "1►2" -- 1st letter corresponds to HMEC used to generate antigens (EAA) for eliciting immune response in the cytotoxicity assays; 2nd letter corresponds to the target HMEC used in the same cytotoxicity assay. "G" -- ^1^HMEC~ECGS~; "M" -- ^1^HMEC~MCF-7~; "L" -- ^1^HMEC~LNCap~; "H" -- ^1^HMEC~HepG2~. (**B**) "*k*" and "*b*" values correspond to coefficients of linear equations showed on plot (A). Equation of linear approximation of the coordinates and accuracy of this approximation (*R^2^*) are shown on the plot.](hvi-9-198-g5){#F5}

Discussion
==========

It is known that endothelial cells have tissue-specific phenotypes. In addition to tissue type specificity, the phenotype of tumor endothelial cells can be influenced by tumor cell-specific growth stimuli. Therefore, endothelial cell heterogeneity should be investigated in the context of designing efficient endothelial cell-based vaccines. The simplest way to do this is to model tumor-endothelium interactions in vitro by culturing primary HMEC cultures with tumor-conditioned medium. Tumor cells release growth factors in culture medium that affect HMEC and support their proliferation. As a control, HMEC stimulated by normal tissues should be performed despite the limited methods available for carrying this out. Conditioned media from untransformed cells possesses limited capacity to support cell cultures due to lack of growth factors and therefore cannot sustain endothelial cell growth. Therefore the most effective means of providing growth stimuli from normal tissue is the endothelial cell growth supplement (ECGS) prepared from brain gland tissue.[@R27] Unfortunately, commercially available growth supplements are all xenogeneic (bovine origin), therefore ECGS was prepared from human hypothalamus, thereby providing the control needed for the described experiments.

The use of HMEC in this model system is based on previous studies that characterized the type of endothelial cells involved in mediating tumor angiogenesis that identified endothelial cells of microvascular origin. In addition, HMEC exhibit a number of functional differences compared with large vessel-derived endothelial cells,[@R28]^,^[@R29] including responses to stimulators[@R30]^,^[@R31] and their extracellular protein expression pattern.[@R32]^-^[@R34] The use of primary cultures (rather than cell lines) is essential to investigating natural endothelial cell phenotypes and the respective responses of endothelial cells to growth stimuli. These parameters are difficult to assess when using immortalized cell lines that have intrinsic proliferative properties resulting from virus transfection and not due to responses to growth stimuli. The use of HMEC derived from subcutaneous fat tissues in our experiments resulted from the observation that HMEC lining tumor vessels grow up from surrounding tumor tissues. However, the location of the primary tumors, as well as sites of metastasis can occur in many different tissues throughout the body. Therefore, it was rational to derive HMEC for these experiments from abundant and easily accessible tissues such is subcutaneous fat.

Although isolation and culture of microvascular endothelial cells is difficult due to potential contamination by other cell types, including fibroblasts and mesothelial cells,[@R35]^-^[@R37] selection of CD31^+^ cells using magnetic beads[@R38] (followed by confirmatory immunofluorescent staining for CD31 and FACS analysis) was used in this study to isolate HMEC.[@R37]^,^[@R39] CD31 is expressed on all endothelial cells but not on most other cell types including fibroblasts and mesothelial cells. Therefore positive selection of CD31^+^ cells is a common means of isolating endothelial cells from different tissues (excluding whole blood or bone marrow since monocytes and other cells expressing CD31 are present in these tissues). Furthermore, the purity of established HMEC primary cultures was confirmed by FACS analysis performed using anti-CD31 antibodies. In addition, non-specific binding of the anti-human CD31 antibody was ruled out by using fibroblasts as negative anti-C31-binding controls since fibroblasts are the main cause of primary culture contamination. Other means of confirming HMEC purity were not tested.

[Figure 1](#F1){ref-type="fig"} confirms that the 2 primary HMEC used in the described experiments were successfully established without overgrowth of contaminating cells. The \~90% purity of the primary HMEC cultures was considered high[@R40] and corresponded to the purity observed for commercially available high-grade primary cultures.[@R41] However, it should be noted that we did not attempt to obtain HMEC cultures of higher purity since it would have required repeated CD31^+^ cell enrichment steps combined with cell culture steps. Since the experiments described in this report required cells to be maintained in culture for short periods of time (since the molecular phenotype of isolated cells tends diverge significantly in a short period of time[@R42]) the extended culture times required to achieve CD31^+^ cultures with \> 90% purity would not have been justified.

Design and development of cell-based vaccines focuses the immune response against target cells following immunization with these cells as a source of native antigens.[@R43]^-^[@R45] An advantage of applied mass spectrometry-based approach for the profiling of cell surface targets (the set of prioritized antigens for cancer vaccine design[@R46]^,^[@R47]) that can be used as immunogens (rather than using whole cells) is that even though cell-based vaccines express the antigen profile of interest, whole cells also contain abundant amounts of intracellular antigens which are ubiquitous to all mammalian cells that could elicit untoward immune responses to self antigens.[@R42] Access to cell surface targets (recognized by either antibodies or cytotoxic immune cells) means they are accessible to proteases and therefore can be isolated in vitro following proteolytic cleavage.[@R48]^-^[@R50] Recently, it was shown that proteolytically-cleaved cell-surface targets could be directly analyzed using mass spectrometry, a technique known as cell proteomic footprinting[@R51] which already has been successfully applied in the design of cellular cancer vaccines.[@R50] In this study, the HMEC heterogeneity induced with either tumor-conditioned medium or growth factors from normal tissue was performed using this approach.

The degree of change to the HMEC surface antigen expression profile following incubation in the presence of tumor-conditioned medium is shown in [Figure 3A](#F3){ref-type="fig"}. The PCA plot shows that these changes could be considered as deviations from the typical HMEC phenotype. HMEC profiles were grouped close together and distant from cancer cell profiles. [Figure 3B](#F3){ref-type="fig"} shows the relationship between surface profiles within the HMEC groups and [Figure 3C](#F3){ref-type="fig"} represents dendrogram where the length of dendrogram branches reflects similarity between profiles. From these observations, 3 conclusions were made: First, HMEC cells from the same tissue had the same surface antigen profile based on the high similarity between HMEC surface profiles obtained from adipose tissues from different donors. Second, tumors induced reproducible tumor type-specific changes to the HMEC surface antigen profile which can range from relatively insignificant (for example ^1^HMEC~LNCap~ and ^2^HMEC~LNCap~) to pronounced (for example ^1^HMEC~HepG2~ and ^2^HMEC~HepG2~). Third, pronounced changes to the HMEC surface antigen profile were less reproducible. For example, ^1^HMEC~HepG2~ and ^2^HMEC~HepG2~ profiles were more significantly divergent from each other than ^1^HMEC~LNCap~ and ^2^HMEC~LNCap~ profiles.

The effect of the HMEC surface change on the ability to escape from the immune response was determined with cytotoxicity assays, as an in vitro model of immune response following cell-based anti-cancer vaccination. It should be noted that cell viability in these cytotoxicity assays was determined using trypan blue exclusion. Although more laborious, this cell counting/cell viability assay was favored over the ^51^Cr release assay (as well as MTT assay) since this method allowed for direct assessment of viable cell numbers, unlike methods using indirect measures of radioactivity release. Only direct counting allowed assessment of changes to the number of surviving cells.[@R52] Moreover, with direct cell counting, lower effector-to-target cell ratios and longer incubation times could be employed that better reflected likely in vivo scenarios, thereby providing a more sensitive and appropriate assay that better allowed the objectives of this study to be performed.[@R53] Therefore, using an in vitro model of human antiangiogenic therapies (where human CTLs were incubated in the presence of endothelial cell targets) DCs loaded with autologous antigens were found to stimulate cytotoxic activity more effectively than DCs loaded with allogeneic antigens ([Fig. 4](#F4){ref-type="fig"}). The most efficient targeting of ^1^HMEC~MCF-7~ was the result of stimulation by ^1^HMEC~MCF-7~ antigens. However, ^1^HMEC~HepG2~ were more efficiently targeted by autologous ^1^HMEC~MCF-7~ or ^1^HMEC~LNCap~ and ^1^HMEC~LNCap~ were more efficiently targeted by autologous ^1^HMEC~HepG2~.

Even though these data suggested that autologous antigens provided the most immunogenic stimulus (and represent the most promising prospect for cancer prevention) the rules for selecting autologous HMEC for the elicitation of immune responses against tumor endothelium as well as establishing a connection between cell surface heterogeneity and immune evasion remained unclear. Thus, statistically significant differences between autologous antigens for the elicitation of immune responses was not observed. These observations resulted in the design of additional experiments developed to examine the immune responses targeting by different autologous HMEC. If the cell surface profiles of the target HMEC and the HMEC used as a vaccine were plotted against viable target cell counts ([Fig. 5](#F5){ref-type="fig"}) groups of points on this plot may be linearly approximated with *R^2^* values equal or almost equal to 1, suggesting that cytotoxicity of CTLs was directly predefined by cell surface profiles and is described by following equation: *n* =k\**r* + b

where ***n*** is a number of total viable target cell in cytotoxicity assays and represents target cell escape (the reciprocal value of the observed CTL-mediated immune response); *r* is the correlation of target cell profile and the profile of cells used for targeting the immune response; b represents the coefficient which contributes to the immune response independent from the correlation of target cell profile and the profile of cells used for targeting the immune response; k represents the coefficient which defines immune response intensity directly from this correlation.

Therefore, it was rational to suggest that k reflects the intensity of tumor-induced changes at the cell surface, b reflects the immunogenicity of cell surface targets associated with these changes. Moreover, all points on the plot were located at the intersection of respective lines, suggesting that k and b varied dependently on each other. Indeed, when linear equations were built for respective lines and all k and b values were defined, it was found that b values were linearly dependent on k values according to the following equation (see also [Fig. 5B](#F5){ref-type="fig"}):

b = -0.67\*k + 9754 (
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of linear approximation is 0.99)

Thus, the immunogenicity of HMEC was inversely proportional to the intensity of tumor-induced changes at the HMEC surface. From this observation it was concluded that HMEC heterogeneity was the result of the unidirectional influence of tumor cells, i.e., this influence was not specific for the tumor type and HMEC heterogeneity was a result of differences in strength of this influence. More significant influences lead to more pronounced changes in HMEC surfaces and simultaneously lead to loss of HMEC immunogenicity. Consequently, in cytotoxicity assays the observed efficacy of CTLs in killing of target cells was directly defined by the similarity between surface profiles of target HMEC and HMEC used for targeting immune responses and by the actual immunogenicity of these cells.

As a means of better understanding to what degree these results could impact vaccine design, the dependence of total viable target cells in cytotoxicity assays (*n*) from the intrensity of tumor-induced changes at the cell surface (k) and correlation of cell surface profiles (*r*) was plotted ([Fig. 6](#F6){ref-type="fig"}). This plot shows that tumor endothelial cells were efficiently killed by vaccines projected into two areas of this plot.

![**Figure 6.** Cytotoxicity of effector CTLs against target HMEC plotted according to equation (Eq) that describes the dependence of cytotoxicity from the correlation of cell surface profiles (*r*) and intensity of tumor-induced changes (k) at the HMEC surface. Autologous EC antigens were used to induce CTLs. Correlation values (coefficient *r*) were calculated for HMEC surface profiles used to generate antigens (EAA) for eliciting immune response and the surface profile of target HMEC used in same cytotoxicity assay. Results of cytotoxicity assays are projected on the plot. "1►2" -1st letter corresponds to HMEC used to generate antigens (EAA) for eliciting immune response in the cytotoxicity assays; 2nd letter corresponds to the target HMEC used in the same cytotoxicity assay. "G" -^1^HMEC~ECGS~; "M" -^1^HMEC~MCF-7~; "L"- ^1^HMEC~LNCap~; "H" -^1^HMEC~HepG2~. The equation was developed from equations described in the "Discussion."](hvi-9-198-g6){#F6}

The first area is located to the lower left corner corresponding to vaccines with endothelial cell-derived antigens slightly modified by the tumor. These data suggest that the tumor vasculature can be destroyed by autoimmune reactions with the potential of killing endothelial cells in healthy tissues. Such vaccines are less acceptable for medical use since they involve the elicitation of autoimmune responses that limit the practical implementation of these vaccines.[@R54]^-^[@R59]

The second area located at the right upper corner corresponds to vaccines with antigens sufficiently modified by the tumor, suggesting that these vaccines are likely safe based on the difference of these antigens relative to antigens associated with endothelial cells in healthy tissues. However, based on the plot it is likely that these vaccines would also be less immunogenic, requiring efficient targeting of immune responses by using endothelial cells well matched with endothelial cells in tumors. [Figure 6](#F6){ref-type="fig"} clearly describes conditions needed for the design of such efficient antiangiogenic vaccines. The most safe and efficient vaccines should be located to the right upper corner of this plot.

Among pairs of antigens and target cells involved in cytotoxicity assays, projection of antigens from ^1^HMEC~HepG2~ and target cells ^1^HMEC~LNCap~ (see "H►L" in [Fig. 6](#F6){ref-type="fig"}) is located more closely to the right upper corner, identifying the most efficient target cell killing. These observations can be explained by the specific composition of growth factors released by HepG2 and LNCap cells, however, from a vaccine design perspective and findings described in this report, the observed high killing rate at "H►L" was the result of the most preferable combinations of ***r*** and **k** for this cell pair, due to the killing rate of target cells that is a function of these variables (see equation in [Fig. 6](#F6){ref-type="fig"}).

The next antigens:target pair demonstrating a high target cell killing rate was "M►L." This antigens:target pair was located near the lower left corner of the plot corresponding to vaccines with relatively high immunogenicity and a low degree of tumor-induced changes at the cell surface. So pair "M►L" describes a condition where target cell killing in vivo was expected to be accompanied with autoimmune reactions resulting in the destruction of vessels in normal tissues.

Finally, one additional feature of this study should be discussed. Besides target cells and antigens (autologous and allogeneic in relation to target cells), monocyte-derived DCs and CTLs were used in an in vitro model of antiangiogenic vaccination. For consistency, these monocyte-derived cells were obtained from one donor and therefore were allogeneic in relation to target cells used in cytotoxicity assays. Utilizing monocyte-derived cells and target HMEC from the same person (i.e., autologous DCs and CTLs) in in vitro experiments further strengthened the findings reported and may provide additional insights for antiangiogenic, anti-cancer vaccinations.

Conclusion
----------

This study showed that tumors induce pronounced, tumor type-dependent changes to HMEC surface targets using an in vitro model of human antiangiogenic vaccination that facilitated HMEC escape from CTL-mediated cell death. Previously, animal and human studies corroborated the capability of in vitro induced specific CTLs to mediate in vivo protection against tumor challenge.[@R60]^,^[@R61] Therefore, data obtained in this study can be directly used for design of endothelial-based cancer vaccines that can be applied in the development of in vivo studies. A direct dependence between CTL killing efficacy and target cell surface profiles, and cells used for targeting immune responses allowed for the accurate design of vaccines matched to their target cells. A direct influence of tumors on the HMEC phenotype was also established in addition to demonstrating a reciprocal dependence between the intensity of tumor-induced changes in HMEC and the immunogenicity of these cells. This information will provide useful information for researchers for the efficient design of vaccines. Specifically, vaccines with antigen compositions divergent from antigens expressed by normal endothelial cells can be designed to avoid the elicitation of autoimmune reactions. Evidence for undesired autoimmune reactions following anti-cancer vaccination has accumulated from work in animal models, as well as clinical trials.[@R54]^-^[@R59] Furthermore, by controlling the intensity of tumor-induced changes in HMEC (e.g., measured by cell surface profiling), it is possible to avoid developing vaccines with low immunogenicity---one of the main reasons cancer vaccines are ineffective.[@R62]^,^[@R63]

Materials and Methods
=====================

Cell cultures
-------------

Two thoracic subcutaneous adipose tissue biopsies were obtained from male patients (49 and 41 y old) undergoing open-thoracic surgical procedures at the National Medico-Surgical Center. The protocol was approved by the Research Ethics Committee and the patients provided their written informed consent. The biopsy specimens were transported to the laboratory in Ringer solution (transport time 45 min), and after removal of the visible fibrous tissue, the fat was finely minced and incubated for 45 h at 37°C in digest solution (0.5 mg/mL collagenase IA (Sigma-Aldrich) prepared with Hank's Balanced Salt Solution (HBSS) at a ratio of 4:1 (v/v).[@R64] The digested material was then intensely shaken for 2 min then centrifuged (300 × g for 10 min) to separate adipocytes and free oil from the stromovascular components. The stromovascular pellet was resuspended in HBSS and washed 3× by centrifugation (600 × g for 5 min). The resulting pellet was incubated in 0.25% trypsin (activity 300 U/mg, PanEco, Russia) containing 1 mM EDTA for 15 min at RT, followed by 3 washes with PBS containing 0.1% bovine serum albumin (BSA) by centrifugation (600 × g for 5 min). Endothelial cells were isolated using Dynabeads CD31 Endothelial Cells (Invitrogen, San Diego, CA) according to the manufacturer's protocol and seeded in 6-well tissue culture plates in the presence of endothelial cell growth selection medium \[DMEM with [d]{.smallcaps}-valine (PanEco, Russia)\], 20% fetal bovine serum (FBS, PAA Laboratories), 100 U penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine, 12 U/mL heparin, 30 μL/mL endothelial cell growth supplement from the human hypothalamus) at 37°C in 7.5% CO~2~. Culture media was changed every 2--3 d and after the first passage cells were grown to 65% confluence and used in future experiments following stimulation with endothelial cell growth supplement (^1^HMEC~ECGS~ and ^2^HMEC~ECGS~ for HMEC from donor 1 and donor 2, respectively. Superscript numbers correspond to donor number). To provide allogeneic growth stimulus from normal tissues endothelial cell growth supplement (ECGS) was obtained from the human hypothalamus as described.[@R27] Briefly, hypothalamuses harvested at autopsy from the 2 male (46 and 48 y old) donors who died accidentally were kindly provided by Dr. Sirotkin V.I. (The Russian State Medical University) in accordance with Federal law Nº8-FL and Order Nº82 from the Ministry of Health of the Russian Federation. ECGS was prepared by homogenization of approximately 10 g of human hypothalamus on ice in 1.5 mL of cold (4°C) 0.1 M NaCl. The homogenate was stirred at 40°C for 2 h, centrifuged at 13,800 × g for 40 min and the supernatants recovered and fractionated with streptomycin sulfate (Invitrogen) in order to remove soluble lipids. Supernatants were extracted with 0.5% streptomycin sulfate at pH 7.0 for at least 1 h after which the extract was centrifuged at 13,800 × g for 40 min. Supernatants were then collected and used as ECGS.

To obtain HMEC with tumor-induced phenotypes, cell cultures were incubated for 5 d with conditioned medium collected from MCF-7 human breast adenocarcinoma (^1^HMEC~MCF-7~ and ^2^HMEC~MCF-7~), LNCap human prostate adenocarcinoma (^1^HMEC~LNCap~ and ^2^HMEC~LNCap~) and HepG2 human hepatocellular carcinoma (^1^HMEC~HepG2~ and ^2^HMEC~HepG2~) cells (ATCC) as described by Folkman et al.[@R65] Briefly, growth medium was aspirated and replaced with the medium to be conditioned. After 48 h, medium was collected, centrifuged for 10 min at 600 × g, filter sterilized (0.2 μm) and added to cell cultures with endothelial cell growth medium at a 1:2 ratio.

MCF-7 cells, LNCap and HepG2 cells were grown to 65% confluence in DMEM (Invitrogen) supplemented with 10% FBS (Invitrogen). Cells were washed 5 times with Hank's Balanced Salt Solution (HBSS) and used for preparation of tumor-associated antigens (TAA).

Primary fibroblast culture was established from adult skin biopsy (45 y old woman; donor provided written informed consent) as described by Rittie and Fisher.[@R66] Primary culture was cultured in DMEM, 10% FBS at 5% CO~2~ at 37°C and 3rd passage cells used to obtain fibroblast-associated antigens (FAA).

Immunofluorescent staining and FACS analysis
--------------------------------------------

Endothelial cells grown on the gelatin-coated glass coverslips were fixed for 10 min in 4% paraformaldehyde in PBS at RT. After blocking with casein, cells were incubated with a monoclonal mouse anti-human CD31 (PECAM-1) antibody (clone JC70A; Cat.\# M0823) that were visualized following incubation with a biotinylated horse anti-mouse IgG antibody (Vector Labs; Cat.\#BA-2000) and streptavidin conjugated with R-phycoerythrin (streptavidin-RPE; Cat.\#R0438). The preparations were then stained with DAPI (1 μg/mL in PBS; Sigma) and mounted in Moviol. Samples were visualized using a Leiса DM5000B microscope.

For FACS analysis, endothelial cell cultures were washed once with PBS containing 0.04% EDTA and incubated with 1 mL of cell dissociation solution (Sigma-Aldrich, USA) to release the cells. Cells were washed once with DMEM, 10% FBS, blocked in TBS with 1% BSA (Sigma-Aldrich) for 20 min on ice, and incubated with monoclonal mouse anti-human CD31 antibody (clone JC70A; Cat. \#M0823) prepared in TBS, 1% BSA at 2 μg/mL for 30 min on ice. Following incubation, cells were washed with TBS, 1% BSA, then incubated for 30 min on ice with a biotinylated horse anti-mouse IgG secondary antibody (Vector Labs; Cat. \#BA-2000). Сells were washed with TBS, 1% BSA, then incubated with streptavidin conjugated with R-phycoerythrin (streptavidin-RPE, Dako; Cat.\#R0438) for 30 min on ice. Stained cells were washed with TBS, 1% BSA and resuspended in 0.5 mL TBS, 1% BSA and then analyzed using a FACS Calibur flow cytometer and Cell Quest software (Becton Dickinson). In addition, non-specific binding of the primary anti-human CD31 antibody was ruled out by using adult skin fibroblasts (prepared as described in "Cell culture" section) as a negative control cell line.

Preparation of EAA, TAA and FAA
-------------------------------

HMEC, cancer cells (MCF-7 and HepG2) and fibroblasts grown to 65% confluence were washed 5 × with HBSS before being treated with 0.2 µg/mL trypsin (15,000 U/mg, Promega) in HBSS. One mL of trypsin solution was added to each 25 cm^2^ flask, incubated for 20 min at 37°C in saturated humidity, then collected again and centrifuged (600 × g for 5 min). The resulting supernatant contained cell surface targets and was considered as solutions of endothelial cell-associated antigens (EAA), tumor-associated antigens (TAA) and fibroblast-associated antigens (FAA) in case of HMEC, cancer cells and fibroblasts, respectively.

Cell surface profiling
----------------------

The obtained antigen solutions were desalted by using ZipTip~C18~ (Millipore Corp.) according to the manufacturer's protocol. MALDI samples were prepared using a standard "dried droplet" method with 2,5-dihydroxybenzoic acid (DHB) as the matrix. All mass spectra were acquired on an AutoFLEX MALDI-TOF mass spectrometer (Bruker Daltonik) in linear positive ion mode. The mass spectrometer was set up for priority detection of ions with the m/z range from 600 to 3,500 at a mass accuracy of 80--100 ppm. Mass peak lists were created manually. All peaks above noise level were selected to generate peak lists that represent the cell surface profiles (also known as cell proteomic footprints[@R51]).

Cell surface profile processing
-------------------------------

Resultant lists of peak intensities from each cell culture (cell surface profiles) were pooled using Matlab software (Mathworks). Two peaks were considered to be related to the same ion if their mass difference did not exceed 0.2 Da. Pooled intensities were processed by principal component analysis (PCA) using the *princomp* function of the Matlab program. Projections of peak intensities on the first three principal components were used for visualization of the similarity/divergence among cell surface profiles. The distances between profiles on the PCA plot were also depicted as a dendrogram using the Matlab program.

Preparation of EAA-loaded DCs
-----------------------------

Monocyte-derived DCs were generated as described previously.[@R67] Briefly, fresh peripheral blood mononuclear cells (PBMCs) from healthy donors were isolated using Ficoll-Hypaque (PanEco, Russia) gradient centrifugation and were then allowed to adhere to culture flasks for 1 h. Non-adherent cells were collected and centrifuged, and cell pellets were mixed with autologous serum containing 10% DMSO and stored in liquid nitrogen. Cryopreserved, non-adherent PBMCs were later used as a source of effector cells (cytotoxic T lymphocytes, CTLs) for cytotoxicity assays. The adherent cell fraction was cultured in RPMI-1640 (PanEco) supplemented with 10% FBS (PAA Laboratories) in the presence of 1,000 U/mL granulocyte macrophage colony-stimulating factor (Sigma-Aldrich) and 1,000 U/mL interleukin-4 (Sigma-Aldrich). After 6 d in culture EAA (1 mL) or FAA (1 mL) were combined with an equal volume (1 mL) of immature DCs. Antigen loading was allowed to occur for 3 h, then DCs were matured with 1,000 U/mL tumor necrosis factor-α (Sigma-Aldrich) for 48 h. Matured, EAA-loaded and FAA-loaded DCs were then used to stimulate CTLs. For successive cycles of CTLs stimulation, aliquots of matured and loaded DCs were cryopreserved and thawed as needed. The freezing method used has been previously described.[@R68]

Stimulation of CTLs
-------------------

EAA-loaded DCs (4.5 × 10^4^) were combined with 9 × 10^5^ autologous non-adherent PBMCs (1:20) in 4 mL of RPMI-1640 medium supplemented with 30 U/mL of clinical grade human interleukin-2 (Ronkoleukin, Russia) and 10% FBS. The culture medium supplemented with interleukin-2 was replaced every third day. Additional antigen-loaded DCs were added to PBMCs seven days after stimulation. After incubation for five days, the non-adherent PBMCs containing stimulated CTLs were washed by centrifugation and used as effector CTLs in cytotoxicity assays.

Cytotoxicity assays
-------------------

HMEC (2 × 10^4^ cells/well) were seeded into 48-well plates, which yielded 3.7 × 10^4^ cells/well after 48 h. Effector CTLs were then added to HMEC at an effector:target ratio of 8:1. On the 3rd day, target HMEC were washed to remove CTLs and were photographed using an inverted phase contrast microscope. In duplicate wells, attached HMEC were trypsinized and viability was detected using trypan blue exclusion.[@R69] Cell counts were averaged over three measurements and the number of HMEC in the absence of effector CTLs, as well as with CTLs that had been stimulated with FAA-loaded DCs, were used as controls.
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